Dwarf spheroidal galaxies are the most dark-matter-dominated systems in the nearby Universe [1] [2] [3] and their origin is one of the outstanding puzzles of how galaxies form. Dwarf spheroidals are poor in gas and stars, making them unusually faint [4] [5] [6] , and those known as ultra-faint dwarfs 7, 8 have by far the lowest measured stellar content of any galaxy 9, 10 . Previous theories 11 require that dwarf spheroidals orbit near giant galaxies like the Milky Way, but some dwarfs have been observed in the outskirts of the Local Group 12 . Here we report simulations of encounters between dwarf disk galaxies and somewhat larger objects. We find that the encounters excite a process, which we term 'resonant stripping', that transforms them into dwarf spheroidals. This effect is distinct from other mechanisms proposed to form dwarf spheroidals, including mergers 13 , galaxygalaxy harassment 14 , or tidal and ram pressure stripping, because it is driven by gravitational resonances. It may account for some of the observed properties of dwarf spheroidals in the Local Group. Within this framework, dwarf spheroidals should form and interact in pairs, leaving detectable long stellar streams and tails.
In the widely accepted cold dark matter theory, bound systems form hierarchically through gravitational collapse. Because gravity acts in the same manner on all forms of mass, it is expected that galaxies should contain a ratio of dark to ordinary luminous material roughly similar to the cosmic mean. However, dwarf spheroidals have much larger dark to luminous mass ratios 1-3 , requiring some mechanism to efficiently separate gas and stars from dark matter in order to explain their origin. Two classes of models have been proposed to account for the properties of dwarf spheroidals. In one class, gas is either prevented from collecting in shallow potential wells of dark matter by photoheating during cosmic reionization or is blown out subsequently by feedback from star formation before a significant mass in stars can accumulate 15, 16 . However, there are no clear signatures of reionization in the star formation histories of these galaxies 12 , which in many cases continued to form stars beyond the reionization epoch, and for most of them the dark halo masses are probably too large (10 8 -10 9 M 8 , where M [ is the solar mass; refs 3, 9, 10) for supernova-driven winds to remove gas 17 .
The other class of models relies on impulsive heating by gravitational tidal forces to strip stars and reshape the stellar component of a disk-dominated dwarf galaxy. Variously referred to as ''tidal stirring'' 11 or ''tidal shocking'' 18 , this process operates when the gravitational potential acting on a small galaxy varies rapidly as it orbits in a larger system and can, in principle, convert a rotationally supported disk of stars into a spheroid. However, gas can radiatively dissipate energy; thus, scenarios based on gravitational heating require an additional process, that is, ram pressure stripping, to remove the gas 11 . Because gravitational heating and ram pressure stripping occur with varying efficiencies, models coupling them may rely on particular conditions to produce dwarf spheroidal galaxies.
This second class of models also requires that dwarfs orbit close to giant galaxies. Whereas several of the brightest dwarf spheroidals in the Local Group cluster around the large galaxies, some, like Cetus and Tucana, reside at great distances from both the Milky Way and Andromeda 12, 19 . Furthermore, many nearby dwarf spheroidals lie in the same plane as the orbits of the Magellanic Clouds and the Magellanic Stream 20 . A thin planar distribution may be difficult to explain if dwarf galaxies fall in individually 21, 22 but can arise naturally if dwarfs fall into larger systems as members of groups of dwarfs 23 . Examples of such groups have been found nearby 24 . Moreover, interactions between dwarfs should be common in these environments, especially in the past when the Universe was younger and more dense.
Here we describe numerical experiments to investigate the consequences of encounters between dwarf galaxies. Figure 1 shows the time evolution of an interaction between a pair of dwarf galaxies. This could represent an interaction between dwarfs in a small group or between a dwarf and the forming Milky Way at high redshift. After two billion years (2 Gyr), nearly ,80% of the stars are stripped away from the smaller dwarf but its surrounding dark matter halo is less strongly affected, leading to a change in the ratio of dark to luminous matter. This outcome is surprising, because the stars sit at the bottom of the potential well and therefore comprise the most tightly bound material in the galaxy.
This unexpected result is caused by a gravitational process, which we term 'resonant stripping'. The efficient removal of stars from the smaller dwarf over the course of the interaction shown in Fig. 1 is mediated by a resonance between the spin angular frequency (V s ) of its disk and the angular frequency of its orbit (V 0 ) around the larger dwarf. When these frequencies are comparable in magnitude and the spin and orbital angular momenta are somewhat aligned (that is, a prograde encounter), the gravitational perturbation from the larger dwarf on a patch of the smaller dwarf's disk is always directed outwards from its centre, leading to significant stripping. However, for a perfectly retrograde collision, stars in the disk are alternately pulled inward and outward with little net result. The minimal response from the dark matter is expected because these particles move on random orbits, and the net perturbation on the halo mostly averages out.
Although resonances have previously been invoked to produce bridges and tails in collisions between galaxies of comparable mass 25 , our work shows that resonant stripping can alter the mass to light ratio of dwarfs by removing luminous material more efficiently than dark matter. In Fig. 2 the luminous fraction of the smaller dwarf is plotted as a function of time during its interaction with a galaxy 100 times its mass (filled circles), compared to another simulation designed to follow a similar dwarf orbiting about the Milky Way today (filled squares). Resonant stripping is most effective for galaxies interacting on prograde orbits, as in the example shown in the top panels in Fig. 1 . However, our calculations further indicate that gravitational torques can alter the internal structure of the galaxies and the relative alignments of spin and orbital angular momenta, allowing the resonance to eventually act even for orbits that are initially somewhat retrograde (open circles in Fig. 2) .
Resonant stripping is distinct from other processes proposed to drive galaxy evolution, such as mergers 13 , galaxy-galaxy harassment 14 or more general heating processes, and tidal or ram pressure stripping. In particular, mechanisms that can be treated using the impulse approximation do not account for resonances because the particles in the perturbed system are assumed to remain roughly stationary over the course of the encounter. Because resonant stripping will affect gas and stars in a similar manner in a rotationally supported disk, it is simpler than models that require separate effects to strip the gas versus the stars.
Resonant stripping can drive the morphological evolution of dwarfs. When operating in low mass groups, this mechanism can pre-process dwarfs by transforming disk galaxies into spheroids before they are accreted by larger galaxies like the Milky Way. We find that dwarf spheroidal galaxies formed in this manner have properties similar to those of dwarfs observed in the Local Group. This is demonstrated in Figs 3 and 4 , which show, respectively, that the final radial surface mass profiles and kinematic properties of a dwarf disk galaxy undergoing resonant stripping in our simulations are similar to those of observed dwarf spheroidals in the Local Group 26 .
Our model makes definite predictions that can be tested in the future. In particular, resonant stripping should be visible in situ in associations of dwarfs. Unlike in previous theories, dwarf spheroidals are thus expected to be found with detectable stellar tails and shells, marking their formation. If this is indeed their dominant production mechanism, our model predicts that dwarf spheroidals should have similar properties in different environments, which is supported by the Figure 1 | Encounters between galaxies. Top row, interaction between a dwarf galaxy with a mass of 1.7 3 10 8 M 8 orbiting around a larger dwarf with 100 times its mass. Only the stellar components are plotted. Top left, the initial set-up where the two dwarfs approach one another on a somewhat prograde orbit (the disks are seen face-on). Top middle, the state of the system after 2 Gyr, following the first pericentric passage. Top right, the appearance of the galaxies after 7 Gyr. Each panel displays a region 100 kpc on a side. An outcome like the one illustrated in the top row occurs preferentially when one of the interacting galaxies is between 10 and 100 times more massive than the other one. If the galaxies have nearly the same mass they will merge quickly, masking the effects of resonant stripping because nearly all the luminous matter will remain bound to the remnant. Bottom row, the orbit of the same small galaxy (in white) around the Milky Way today (in yellow), which has 10,000 times its mass. Although the encounter is mostly prograde, the spin and orbital frequencies are no longer well-matched and the resonant response is suppressed. Bottom left, the initial set-up, displaying a region 150 kpc on a side. Bottom middle and bottom right panels show an expanded view 300 kpc on a side, and give the state of the system after 2 Gyr and 7 Gyr, respectively. 
where v is the rotation velocity, r is the size of the smaller dwarf, V 0 is the orbital velocity, R peri the pericentric distance, and e the eccentricity of the orbit. Note that this resonance condition is not dependent on the specific choice of the pericentric distance alone but rather on the combination of the internal structure (for example, the rotation curve) of the small dwarf and the orbital parameters. In other words, if the pericentric distance changes, the resonance condition could still be satisfied provided that the disk rotation speed were modified accordingly. If the orbit is more retrograde, stars are not preferentially removed immediately. So, after 2 Gyr, the net change in M dark / M star is a factor of 4 larger for the prograde versus retrograde cases illustrated. However, after 4 Gyr the internal structure of the smaller dwarf and the orbit are affected by gravitational torques, allowing resonant stripping to occur. The ratio M dark /M star of the small galaxy orbiting about the Milky Way today is plotted for prograde (filled blue squares) and retrograde (open blue squares) orbits. In both these cases, the spin and orbital frequencies of the galaxies are no longer comparable and the resonant interaction is suppressed, even in the prograde case. The profile is plotted for a prograde encounter at the initial time of the simulation (dashed black line), after the first pericentric passage (2 Gyr; solid blue line), and after 5 Gyr (magenta dotted line). The profile is initially an exponential distribution with effective radius, R e , appropriate for dwarf disk galaxies. However, it evolves immediately into a more concentrated profile with R e < 0.5h -1 kpc (blue line), and after 5 Gyr the disk is converted into a compact spheroid with a smaller effective radius.
observed similarities between dwarf spheroidals in the Perseus cluster 27 and those in the Local Group. The efficiency of resonant stripping depends on various factors, including the internal structure of the smaller dwarf (Supplementary Information). In the example shown in Fig. 1 , the interacting dwarfs were chosen to have characteristics similar to those of local dwarf disk galaxies. However, the detailed properties of young low-mass galaxies formed at early cosmic times are unknown; here we are assuming they are cold disks. If the smaller dwarf in our simulations was set up so as to satisfy the condition for resonant stripping even more precisely and over a larger portion of the disk, it is possible that more luminous material could be stripped, depleting the stellar surface density in the inner regions more significantly than in the example shown in Fig. 3 . In that event, resonant stripping might yield ultra-faint dwarf galaxies or even systems that are nearly entirely dark. This leads us to speculate that, when placed in a proper cosmological framework, resonant stripping might explain the missing satellite problem in the Local Group 28, 29 . Moreover, spectroscopic measurements indicate that the Virgo cluster is also missing satellite galaxies 30 . Resonant stripping acting in low mass groups when the Universe was younger may have caused haloes to lose their gas and stars, pre-processing them before these groups were accreted into galaxy clusters, providing a similar evolutionary mechanism to reproduce the luminosity functions of both galaxy groups and clusters.
